Abstract. Raman scattering from surface optic (SO) phonons has been observed and identified in cylindrical and rectangular cross-section nanowires with lateral dimensions in the range 20-50 nm and lengths of ~ 10 microns. The position of the SO band is found to depend on both the shape of the wire cross section (i. e., circular or rectangular) and on the dielectric constant of the external medium. The position of the SO band in GaP and ZnS nanowires is in good agreement with a dielectric continuum model that takes the shape of the wire cross section into account. We propose that the symmetry breaking mechanism which activates the Raman sacttering of the SO phonon in our nanowires is a quasi-periodic modulation of the cross-sectional area along the nanowire axis. We suggest this modulation stems from an interesting growth instability associated with vapor-liquid-solid (VLS) growth.
Introduction
Recently, Semiconducting nanowires (SNWs) have been demonstrated as promising "bottom-up" building blocks for nanoscale electronics and optoelectronics devices [1] [2] [3] . In principle, using these nanometer-scale nanowires may circumvent the size limits dominated by the "top-down" approach [4] . However, the best method for assembling the nanowires into a high density functional circuits is still not clear. Some progress has been made to exploit self-assembly methods [4] . Another approach is to grow the nanowires inside pre-fabricated channels [5] .
Raman scattering has been used as such a local probe to assess to the quality of the nanowire [5] . So far, research has been carried out on small collections of nanowires [6] [7] [8] . The lineshape, peak position and peak width of the Raman band can provide meaningful information concerning the crystalline quality, doping, presence of a secondary crystalline phase, impurities and crystalline disorder. In the limit of small diameter d ≤ 10 nm, phonons in these nanostructures represent a fundamentally important physics problem [9] . For example, one would expect to see phonon confinement when the diameter of the nanowires is smaller than the phonon mean free path.
A phenomenological model was first proposed by Richter [10] to interpret Raman lineshapes in small crystalline structures. Fauchet and Campbell later [11] extended this model to cylindrical nanowires. According to this model, the selection rule which allows first order (one phonon) scattering to take place at the Brillouin zone center (i.e., q=0) is broken, and an asymmetric and down-shifted Raman band with contributions from an extended region of the Brillouin zone occurs [10, 11] and reported by several authors [12, 13] . Many of the current Raman scattering studies of nanowires have been carried out in Micro-Raman spectrometers, in which the excitation laser power is focused into a small spot (~ 1 μm 2 ) on the nanowires. High fluxes are therefore possible, and several reports have been published that indicate the intrinsic Raman lineshape of the nanowires changes dramatically due to the interaction between the laser and nanowires. Indeed, Gupta et al. [7] observed that changes in lineshape and peak position in Si nanowires may also be the result of a laser-induced Fano resonance. Piscanec et al. [6] also have pointed out that inhomogeneous laser heating needs to be ruled out in order to observe real phonon confinement. Finally, Adu et al. [14] have recently studied the effect of high laser power on small diameter Si nanowires and have fit these data to the Richter model incorporating inhomogeneous laser heating. Adu et al has also shown that by using very low laser power, they can demonstrate a clear diameter dependence to phonon confinement [8] . Using the Richter model, they found that the experimental data was consistent with the measured spectrum and the measured diameter distribution [8] . Phonon confinement is normally referred to as a "size" effect. Another possibility is a "shape effect", where the phonon frequencies depend on aspect ratio a, i.e., a=l/d, where l is the length and d is the diameter of the nanowires, this is predicted for polar semiconductors [15] . Mahan et al. [15] have demonstrated that the dipole sum T μν , which determines the LO and TO phonon frequencies in polar semiconductor materials with cubic structures are actually shape-dependent, i.e., T xx =T yy ≠T zz , where z is the wire axis and x, y are on the plane perpendicular to the wire axis. This shape-dependence leads to a breaking of the cubic symmetry of the bulk. Therefore, the LO-TO splitting in a long nanowire should be different from that found for the bulk. The relative Raman-activity of these zz and xx modes has not been worked out, however. Careful polarization studies are still needed to test the theoretical prediction.
Another interesting phenomena that we have observed in the Raman scattering for SNWs is strong scattering from surface optic (SO) phonons in polar demiconductors [16, 17] . Detailed investigation and assignment of SO modes have been carried out in circular cross section GaP nanowires [18] and rectangular cross section ZnS nanowires [19] and for different dielectric media in which the wires were embedded. We has proposed that the Raman activity of these SO modes stems from a periodic modulation of the cross-sectional area along the wire [17, 19] . 
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Experimental Details:
GaP and ZnS nanowires were grown by a pulsed laser vaporization (PLV) method as shown schematically in Fig.1 . The growth mechanism of the nanowires is by the vapor -liquid-solid (VLS) mechanism [20] , as shown later by electron microscopy. A detailed description of the apparatus can be found in Ref [21, 22] . Briefly, a target of well-mixed semiconductor and Au powder was made by compaction in a hydraulic press (3 minutes at a pressure of 30,000 psi). For the SNWs discussed here, the target composition were (GaP) 0.95 Au 0.05 , and (ZnS) 0.90 Au 0.10 . The ~ 1-3 micron grained powders were obtained from Alfa-Aesar and had a purity of 99.999%. A pulsed Nd: YAG laser (Telescopic Series SL803, Spectron Laser Systems) with a pulse width of 15 nanoseconds and repetition rate of 10Hz was used to ablate the target. Both the fundamental (1064nm at 850mJ/pulse, delayed by ~40 nanoseconds) and first harmonic (532nm at 450mJ/pulse) lines were present. The target was put in the center of a ~1 meter long quartz tube (inner diameter of 25mm) of a two-quartz tube system ( Fig.1 ) mounted in a tube furnace. Background temperature was controlled at ~880°C for GaP nanowires and ~ 950°C for ZnS nanowires. After pumping down to 20 mTorr and purging for about 1 hour, a steady flow of 100 sccm Ar/5% H 2 at a pressure of 100-200 Torr was established. The YAG laser beam was then focused on the target and scanned slowly across the target surface such that each ablation occurs at a fresh spot. Nanowires were then collected from the wall of the inner quartz tube in the region indicated by the shadow in Fig.1 . The laser vaporization process was carried out for 1-2 hours, the laser was shut down and the power to the furnace turned off. The system was then allowed to cool slowly to room temperature in ~3 hours under flowing Ar/H 2 and the nanowires could then be harvested.
The as-grown GaP nanowires exhibit a light yellow color, while ZnS nanowires exhibit a white color, indicating a wider bandgap. The nanowires were first dispersed in isopropanol using an ultrasonic horn (Misonix Inc., XL2010) operated at 100W and then the suspension was spin coated onto silicon substrates for SEM, or a drop was put on a copper grid for TEM. Leica LEO 400 and JOEL 6700F field emission SEM (FESEM) were used to study the morphology of the GaP and ZnS nanowires. For SEM, a thin Au film was deposited on the nanowires to decrease the charge accumulation. TEM images were taken using a FEI-Philips 420ST TEM operated at 120 kV. HRTEM images, Energy-dispersive X-ray (EDX) spectroscopy data were collected on a JOEL 2010F microscope operated at 200 kV. We have used TEM to determine the diameter distribution, growth axis of our nanowires, and the diameter modulation responsible for the Raman activity of the SO modes. Raman scattering experiments were carried out using a JY-Horiba T64000 micro-Raman spectrometer in a backscattering configuration at room temperature. 488 nm radiation for an Ar ion laser was used for excitation. The backscattered light was collected using a 100x objective on an Olympus BX40 confocal microscope. The excitation laser spot diameter was ~ 1 micron and the laser power at the sample was about 1-2 mW. For Raman measurements, a thin film of entangled nanowires was prepared by putting a few drops of the nanowire suspension in isopropanol onto a piece of indium foil and allowing the isopropanol to evaporate. A good thermal anchorage of the nanowires to the indium foil was achieved. The Raman spectra were taken with the wires either in air (ε m =1.0) or immersed into dichloromethane (ε m =2.0) or aniline (ε m =2.56). Fig.2a shows an SEM image of GaP nanowires, while Fig.2b shows an FE-SEM image (JOEL 6700F) of the ZnS nanowires. Using FE-SEM and TEM, we observed metallic particles on one end of our wires (insets to Fig.2a and b) . We take this as evidence of the VLS growth mechanism [20] . Energy dispersive x-ray spectroscopy of the metal particle at the nanowire "root" showed that the particle is a Au-Ga alloy for GaP nanowires, or a Au-Zn alloy for ZnS nanowires; a small amount of phosphorus or sulfur was also observed in the particles, respectively [22] . Fig.3a shows an HRTEM image of a very small section of a GaP nanowire. The clear contrast of the lattice fringes out to the surface of the nanowire indicates that the wire is single crystalline and a very thin amorphous layer exists on the surface of the nanowires. The structure was determined to be zinc-blende and the growth orientation is <111> with a spacing between lattice fringes of 0.315 nm. This spacing is in good agreement with that of the <111> planes in GaP data (powder XRD data: 32-397). Also, using XRD, the ZnS nanowires were confirmed to exhibit wurtzite 2H structure (data not shown here).
Results and Discussions
HRTEM images of individual ZnS nanowires showed that the ZnS nanowires grew either along the <001> direction (Fig.3b) or <100> direction (this image is not shown here). Good contrast in the lattice fringes is clearly seen, and the plane spacing in the ZnS wires was found to be 0.319 nm, which is in good agreement with the value for the lattice spacing between <001> planes found by powder XRD data of bulk w-ZnS (10-434). We have also used TEM and AFM, respectively, to obtain the statistical width and thickness of our ZnS wires. The average width is ~ 55 nm and the average thickness is ~ 50 nm. So the cross section is almost a square. Fig.3 c-d show TEM and HRTEM images of the cross sections of our ZnS nanowires. Most of the wires have a rectangular (or nearly square) cross section (Fig.4a) , while a few of the wires were observed to have a hexagonal cross section (Fig.4c) . A detailed structural analysis of the growth orientation and cross sections can be found at Ref. [22] . Fig.4a shows the Raman spectra of the optical phonons for GaP nanowires with a most probable diameter 20 nm in air (ε m =1), dichloromethane (ε m =2) and aniline (ε m =2.56). Solid squares represented the data and the thin lines are the result of a Lorentzian lineshape analysis. The decomposition of the band into individual Lorentzians is also shown. There are three pronounced features in each spectrum. Based on knowledge of the bulk, the lowest and highest frequency bands, respectively, are identified with the first-order q=0 transverse optic (TO) 367 cm -1 and longitudinal optic (LO) 401 cm -1 modes, in reasonable agreement with bulk crystalline GaP (LO: 367 cm -1 , TO: 403 cm -1 [17] ). The difference in the peak position of the LO band in bulk and our nanowires (~ 2 cm -1 ) has been suggested to be due to a "shape" effect [7] . As shown in Fig.4a , there is a third Raman band that lies midway between the TO and LO bands. We can positively identify this band with SO modes because of its sensitivity to the dielectric constant of an external medium (ε m ) in contact with the nanowire, e.g., air (ε m =1), or dichloromethane (ε m =2), or aniline (ε m =2.56). The spectra in Fig.4a show that the SO band downshifts as the dielectric constant of the surrounding medium is increased. The peak positions of LO and TO bands, however, do not change. Based on this observation, we can unambiguously assign the intermediate frequency band to SO modes. Fig.4b shows the Raman spectrum of rectangular cross-sectional w-ZnS nanowires collected at room temperature in air. Strong first-order LO scattering was observed at 346 cm -1 and a TO doublet were seen at 269 and 282 cm -1 .
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We also observed some broad continuuum scattering intensity in the range 350-450 cm -1 and some other combination and overtone modes. This more complex Raman spectrum is consistent with studies of bulk w-ZnS [19] . A detailed analysis and assignment of all this structure has appeared in Ref [19] . Similar to our observations in cylindrical GaP nanowires, an additional Raman band was observed at 335 cm -1 (in air) for square cross section ZnS nanowires. The feature lies between the LO and TO bands. This band is also identified with SO modes, as it also downshifts in dielectric media. In air, the SO band is found out 335 cm -1 , it downshifts to 328 cm -1 in dichloromethane and 326 cm -1 in aniline (Fig.4c) . The insets to Fig.4b show the Lorentzian lineshape analysis of the TO doublet and the LO-SO bands. In Fig.4c , the open circles represent the original data, red lines represent the least-square fitting and blue lines represent the Lorentzian lineshape decompositions.
The SO frequencies of GaP and ZnS nanowires versus the dielectric constants are plotted in Fig.5a for both nanowires, a nearly linear decrease in the SO frequency was observed as the dielectric constant of the overlaying media was increased. The fundamental characteristic of Raman active SO phonon modes is that the peak position and lineshape are dependent on the real part of the dielectric function of the dielectric media that surrounds the surface. This dependence stems from the fact that there is an external EM field associated with the dipolar phonon oscillation and this field couples to the dielectric medium.
In order to quantitatively understand the SO modes in our nanowires, a dielectric continuum (DC) model approach has been used. The basic concept is that the lattice vibration associated with polar materials produces electric polarization P(r, t), which is describable in terms of the electrostatic equations for a medium of dielectric function ε(ω) [9] . Solving these equations results in the 
where TO ω is the TO mode frequency at zone center, p ω is the screened ion plasma frequency given by
ω is the LO mode frequency at zone center, ε ∞ is the high frequency dielectric constant of the semiconductor, d=2r is the wire diameter, and ( ) f x is obtained from the eigenvalue equation [23] ,
where I j (x) and K j (x) are Bessel functions. Predictions for the SO mode dispersion An approximate DC model for rectangular wires was first introduced by Stroscio and coworkers [9, 24] by neglecting the exponentially decaying electrostatic fields eminating from the corner regions. The problem is then separable in the plane perpendicular to the wire axis. Apply the usual electrostatic boundary conditions, one can obtain the following dispersion relations for the SO phonons [24] in a rectangular cross section nanowire:
is for the symmetric modes (S) and (3b) is for the asymmetric modes (AS). w ε ( m ε ) is the dielectric function inside (outside) the wire, i L (i=x,y) is the edge width of the rectangular wire whose growth direction is along z, and i q (i=x,y) is the phonon wavevector. We must have [24] Solid State Phenomena Vols. 121-123 961
where 4(b) is the requirement that optic phonon potential in the x and y directions should have the same parity [24] . By neglecting the damping and crystal anisotropy, the dielectric function ) (ω ε w can be expressed as [25] (5) and the Lyddane-Sachs-Teller (LST) relation [25] gives:
where ε 0 and ε ∞ are low and high frequency values of the real part of ) (ω ε w , respectively. From eqn. (3)- (6), we can solve for the symmetric (S) and asymmetric (AS) SO phonon dispersion:
w-ZnS is a uniaxial structure and our ZnS nanowires were observed to grow either along the a-axis ([100]) or c-axis ([001]). The crystal anisotropy and the two growth orientations make the calculations even more complicated. To capture the essential physical ideas without too much compication, we use the isotropic eqn's. (5) and (6) . An exact treatment for the dielectric function and the LST relation for uniaxial crystals (wurtzite stucture) can be found at Ref. [9] .
Next, we evaluate the dispersion relation ω SO (q) for cylindrical GaP nanwires in air. In Fig.5b (solid curve) we plot the ω SO vs qr (Eq. (1)) for ε ∞ =9.075, ω LO =403cm -1 , ω TO =367cm -1 and ε m =1. For w-ZnS, ε 11 (∞) and ε 33 (∞) varies from 8.25 to 8.76 [26] . As an isotropic approximation, we use ε 0 =8.3, ε ∞ =5.11 from Ref. [27] , and we set ω LO =346.5 cm -1 . Using the LST relation (6), we have the value of ω LO =272.0 cm -1 . In Fig.5c we plot the SO dispersions for the ZnS (both symmetric and asymmetric modes) for three overlaying dielectric media m ε . The S and AS modes exhibit different dispersion at small qL, but they converge to the same frequency as qL approaches very large values.
Generally, the SO phonons are not Raman-active unless the translational symmetry of the surface potential is broken. For our nanowires, we believe a diameter (or cross secional area) modulation activates the SO phonon scattering. Because the SO band is narrow, we presume that the surface potential is primarily perterbed by a strong component at a particular wavelength of λ=2π/q, i.e., the SO phonons with this wavelength are important. From the SO dispersion and the experimental values obtained in various dielectric media (e.g., cross points between solid curves and dashed line in Fig.5c ), we can estimate the wavelength λ=2π/q of the surface potential for our nanowires. For GaP nanowires, we found that the important wavelength of the surface potential is q / 2π λ = is ~ 40 nm. In the case of ZnS nanowires, we found λ ~ 70 nm. We proposed that the symmetry breaking mechanism that activates the SO mode scattering is due to the cross-sectional area modulation of the nanowires. Indeed, this proposition was confirmed by electron microscopy. For example, Fig.6a shows TEM images at low magnification for several cylindrical GaP nanowires. The diameter modulation is clearly identified; the average modulation wavelengths are listed to the right of the images. This modulation wavelength ranges from ~ 25 nm to ~ 70 nm, and is in reasonably good agreement with experiment, i.e., ~ 40 nm. In the case of ZnS nanowires as shown in Fig.6b , the cross-sectional area modulation is not as strong as that in GaP nanowires, however, from the TEM (upper panel) and
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Nanoscience and Technology HRTEM (lower panel) images, we can still see the surface modulation. The highest to the lowest surface roughness is only about several atomic layers (indicated by the dashes white lines).
.
In order to understand how the nanowire morphology (i.e., cross sectional geometry) affects the SO phonon dispersions (Eq. (1) and Eq. (7)), we carried out two more calculations. We compare cylindrical nanowires with a diameter of d and square cross-sectional nanowires with an edge width L and with L=d for the same material, e.g., GaP or ZnS. Based on Eq. (1) and Eq. (7), the SO phonon dispersions for a theoretical square cross-sectional GaP nanowire and a theoretical cylindrical w-ZnS nanowire have been plotted in Fig.5b (dashed curve) and Fig.5d (dashed curve) , respectively. Compared with the corresponding SO dispersions for the actual nanowires, substantial differences that depend on cross section shape are found. For example, for qL (qr) ~ 1, the difference of SO frequencies we calculate for square and cylindrical wires differs ~ 10 cm -1 . So, in order to quantitatively interpret the SO phonon frequencies in semiconducting nanowires accurately, the exact geometry of the nanowires should be used.
In 1970s Givargizov et al. [28] observed diameter oscillations in Si whiskers grown by chemical vapor deposition via VLS growth mechanism. Givargizov suggested that the self-oscillating nature of the nanowire cross section stems from instability of the particle. This instability was related to growth conditions, such as temperature, impurities and supersaturation [28] . We believe similar instabilities are present during the growth of our nanowires.
In summary, we have carried out systematic Raman scattering studies on the surface optic phonon modes for polar semiconducting nanowires. The SO modes in rectangular (ZnS) and cylindrical (GaP) nanowires was observed. A dielectric continuum model approach was used to quantitatively understand the observed SO frequencies and their dependence on wire shape and overlaying dielectric media. Based on the model calculations for SO mode dispersion, an estimate of the wavevector of the important Fourier component of the surface potential perturbation could be estimated. Periodic diameter or cross sectional area modulation was also observed in these nanowires using TEM. The characteristic wavevector q=2π/λ measured by TEM were found in good agreement with the SO mode dispersion model predictions. By TEM, we found the wavelength for this modulation to be ~ 40 nm for cylindrical GaP nanowires and ~ 70 nm for rectangular cross-sectional 
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Nanoscience and Technology ZNS nanowires. This is strong evidence that these modulations actually activate the SO modes. Furthermore, we suspect that the modulations are tied to an interesting instability in VLS growth.
